INTRODUCTION
============

Two-dimensional (2D) forms of boron, collectively known as borophene, have attracted significant attention as a distinctive 2D platform in both fundamental and applied contexts ([@R1]--[@R3]). For example, borophene is the lightest 2D metal with high in-plane anisotropy that results in unique plasmonic and correlated electron phenomena ([@R4], [@R5]). As a trivalent element, boron has at least 16 allotropes in the bulk ([@R6]), and similar polymorphism is also observed in the 2D limit, resulting in periodic defect structures that give rise to new borophene phases ([@R5]). This polymorphism suggests that borophene is an ideal candidate for forming abrupt 2D heterostructures because the diverse bonding configurations of boron should relax crystallographic lattice matching requirements. However, studies of 2D heterostructures involving the family of synthetic 2D materials \[e.g., silicene ([@R7]), stanene ([@R8]), and germanene ([@R9])\] have been primarily limited to theoretical modeling due to challenges in finding suitable synthetic conditions.

For conventional 2D materials derived from bulk layered crystals, vertical heterostructures can be realized by mechanical stacking, resulting in many examples in the literature ([@R10]). On the other hand, 2D lateral heterostructures rely on bottom-up synthesis, leaving a limited number of experimentally realized cases \[e.g., MoS~2~-WSe~2~ ([@R11], [@R12]) and graphene-hBN ([@R13])\]. Atomically abrupt lateral heterostructure interfaces promise controlled heterojunction functionalities and high-quality edge electrical contacts to 2D materials ([@R14]). However, because of the covalent bonding in lateral heterostructures, imperfect lattice matching typically results in wide and disordered interfaces. In addition, interfacial alloying reduces the structural and electronic abruptness of lateral heterointerfaces ([@R15], [@R16]). Consequently, it is of high interest to identify 2D materials and corresponding synthetic conditions that yield atomically sharp heterostructures.

Here, we report the integration of borophene into 2D heterostructures with graphene. Despite both crystallographic lattice and symmetry mismatch between borophene and graphene, sequential deposition of carbon and boron on Ag(111) substrates in ultrahigh vacuum (UHV) gives rise to nearly atomically sharp lateral heterointerfaces with preferred lattice alignments, as well as rotationally commensurate vertical heterointerfaces as revealed by UHV scanning tunneling microscopy and spectroscopy (STM/STS). In particular, STM tips functionalized with carbon monoxide (CO) reveal atomically resolved features corresponding to covalent boron-carbon bonds at lateral borophene-graphene heterojunctions. Under the same synthesis conditions, rotationally commensurate vertical borophene-graphene heterostructures are also formed by boron intercalation underneath graphene, which electronically decouples graphene from the underlying Ag(111) growth substrate.

RESULTS AND DISCUSSION
======================

The synthesis of borophene-graphene heterostructures begins with submonolayer graphene being grown by electron-beam evaporation of carbon from a graphite rod on a Ag(111) single-crystal substrate held at \~750°C ([@R17]). [Figure 1A](#F1){ref-type="fig"} shows an STM image of as-grown graphene, where graphene domains are better visualized in d*I*/d*V* ([Fig. 1B](#F1){ref-type="fig"}) and \|dln*I*/d*z*\| (fig. S1) maps, where *I*, *V*, and *z* are the tunneling current, sample bias, and tip-sample separation, respectively. \|dln*I*/d*z*\| is directly related to the apparent tunneling barrier height (ϕ) by ϕ ∝ (dln*I*/d*z*)^2^. The d*I*/d*V* and \|dln*I*/d*z*\| maps reveal a higher local density of states (LDOS) and a lower local work function of graphene, respectively, compared to the Ag(111) substrate. In agreement with previous reports ([@R18], [@R19]), the Ag(111) surface state is manifested as a step feature shifted to positive energies in the d*I*/d*V* spectrum of graphene ([Fig. 1C](#F1){ref-type="fig"}), which explains the higher LDOS of graphene in [Fig. 1B](#F1){ref-type="fig"} at 0.3 eV. The high structural quality of single-layer graphene is revealed in [Fig. 1D](#F1){ref-type="fig"}, where both the graphene honeycomb lattice and the Moiré superstructure are evident. Lower temperature growth results in highly dendritic and defective graphene domains (fig. S2). Because of the weak interactions between graphene and the underlying substrate, the rotational alignment of graphene with respect to the underlying Ag(111) is not unique (fig. S3). Borophene is subsequently grown by electron-beam evaporation from a boron rod at a lower substrate temperature (\~400° to 500°C). After boron deposition, the STM topography image ([Fig. 1E](#F1){ref-type="fig"}) exhibits neighboring borophene and graphene domains (labeled as B and Gr, respectively), as well as regions within graphene that are later identified as borophene-intercalated graphene (labeled as Gr/B), where linear features oriented in three directions separated by 120° (yellow arrows) are readily visible.

![Graphene and borophene-graphene heterostructures on Ag(111).\
(**A**) STM topography image of as-grown single-layer graphene on Ag(111) (*V*~s~ = 0.3 V, *I*~t~ = 500 pA) and (**B**) the corresponding differential tunneling conductance map. (**C**) Differential tunneling conductance curves measured on Ag(111) and graphene (Gr/Ag) with a stabilization condition of *V*~s~ = −0.5 V and *I*~t~ = 200 pA . (**D**) Atomically resolved STM topography image of as-grown graphene (*V*~s~ = 10 mV, *I*~t~ = 2 nA). (**E**) STM topography image of lateral and vertical heterostructures between borophene and graphene. Linear features in three directions are indicated by the yellow arrows in the region of borophene-intercalated graphene (Gr/B) (*V*~s~ = −5 mV, *I*~t~ = 530 pA). a.u., arbitrary units.](aax6444-F1){#F1}

As observed in [Fig. 2A](#F2){ref-type="fig"} (and [Fig. 1E](#F1){ref-type="fig"}), localized dark depressions appear in graphene following boron deposition. To elucidate the origin of these features, a \|dln*I*/d*z*\| map of the same area is shown in [Fig. 2B](#F2){ref-type="fig"}, which reveals atomic-sized features associated with topographical depressions. In comparison with the topography image, improved spatial resolution is evident in the \|dln*I*/d*z*\| map, particularly in the regions indicated by the white dashed circles due to the increased signal-to-noise ratio achieved with a lock-in amplifier (see the Supplementary Materials for details). Additional improvements in spatial resolution can be achieved by functionalizing the STM tip with CO ([@R20]) or H~2~ ([@R21]) molecules, which have yielded bond-resolved images in constant-height (CH) ([@R21]), constant-current (CC) ([@R22]), d*I*/d*V* ([@R23]), and d^2^*I*/d*V*^2^ ([@R24]) images (fig. S4). In particular, LDOS depletion due to Pauli repulsion reduces the tunneling conductance around chemical bonds in CH images ([@R21]). With a CO-functionalized tip, [Fig. 2C](#F2){ref-type="fig"} shows a CH image of the same region as in [Fig. 2A](#F2){ref-type="fig"}, revealing the graphene lattice. Comparing [Fig. 2 (A to C)](#F2){ref-type="fig"}, each atomic-sized feature is further resolved as three neighboring bright hexagons pointing in two inequivalent directions. A pair of these features is highlighted by the red and yellow triangles. On the basis of the zoomed-in images ([Fig. 2D](#F2){ref-type="fig"}), these features are in agreement with substitutional boron dopants randomly occupying the two sublattices of graphene (figs. S5 and S6), as indicated by the overlaid structures ([@R25]). Similarly, CH imaging with a CO-functionalized tip ([Fig. 2E](#F2){ref-type="fig"}) reveals the geometric structure of a *v*~1/5~ borophene sheet, which was recently observed with CO-functionalized noncontact atomic force microscopy ([@R26]). The same structure would otherwise be overwhelmed and blurred by electronic features using a bare metal STM tip (fig. S7).

![Substitutional boron doping of graphene.\
(**A**) STM topography image of single-layer graphene on Ag with a bare metal tip after boron deposition and (**B**) the simultaneously acquired \|dln*I*/d*z*\| image (*V*~s~ = −4 mV, *I*~t~ = 660 pA). The white dashed circles show an example where the \|dln*I*/d*z*\| map offers improved spatial resolution. (**C**) Geometric imaging of the same region as in (A) and (B) with a CO-functionalized tip in CH mode (stabilized at *V*~s~ = −11 mV, *I*~t~ = 80 pA), revealing dopants pointing in opposite directions (red and yellow triangles). (**D**) Substitutional boron dopants in the two sublattices of graphene (stabilized at *V*~s~ = −11 mV, *I*~t~ = 100 pA). (**E**) Geometric imaging of a *v*~1/5~ borophene sheet with a CO-functionalized tip in CH mode (stabilized at *V*~s~ = −8 mV, *I*~t~ = 500 pA).](aax6444-F2){#F2}

Lateral heterointerfaces between borophene and graphene are expected when borophene grows adjacent to graphene domains with boron substitutional dopants. An example borophene-graphene lateral heterointerface is imaged with a CO-functionalized tip in CH mode in [Fig. 3A](#F3){ref-type="fig"}. To geometrically resolve both lattices simultaneously, imaging at an intermediate tip-sample separation is required (fig. S8). Unlike the lattice-matched and symmetry-matched lateral heterointerfaces of graphene-hBN ([@R13]) and heterojunctions based on transition metal dichalcogenides ([@R11], [@R12], [@R27]), borophene and graphene share minimal structural similarities in terms of lattice constants or crystal symmetry. Despite these crystallographic differences, the borophene-graphene lateral heterointerface in [Fig. 3A](#F3){ref-type="fig"} shows near-atomic sharpness, with the boron row directions aligned with the zigzag (ZZ) directions of graphene. This lattice alignment is preferential for heterointerfaces with both local ZZ and armchair (AC) graphene terminations (figs. S9 and S10). An overlaid atomic structure model is shown in [Fig. 3B](#F3){ref-type="fig"} (zoomed-in image of the ZZ heterointerface is provided in [Fig. 3A](#F3){ref-type="fig"}), where interfacial features corresponding to boron-carbon covalent bonds are marked with blue lines. Because borophene growth is performed at a reduced temperature compared to graphene, the graphene domain edges are unlikely to have high mobility during the formation of the heterointerface with borophene. Therefore, the nearly atomically sharp heterointerface is likely the result of the diverse bonding configurations and multicenter bonding characteristics of boron ([@R28]). Evidenced from the series of STS spectra in [Fig. 3C](#F3){ref-type="fig"} and the differential tunneling conductance map in [Fig. 3D](#F3){ref-type="fig"}, the electronic transition from graphene to borophene takes place across a distance of \~5 Å with no apparent interface states. In [Fig. 3E](#F3){ref-type="fig"}, the three series of STS spectra taken along the three dashed lines in [Fig. 3D](#F3){ref-type="fig"} confirm that this short-ranged electronic transition is insensitive to local interfacial structures (more spectra and discussion are given in fig. S11 and Supplementary Text, respectively) and comparable to that at borophene-Ag boundaries (fig. S12).

![Borophene-graphene lateral heterostructures.\
(**A**) Geometric imaging of the borophene-graphene lateral heterointerface with a CO-functionalized tip in CH mode, which resolves both lattices simultaneously (stabilized at *V*~s~ = −10 mV, *I*~t~ = 350 pA). The boron row direction is aligned with the graphene ZZ direction as indicated by the black and white double arrows, respectively. (**B**) Zoomed-in image of the heterointerface with a ZZ graphene termination marked by the yellow dashed line in (A) with an overlaid lattice schematic (stabilized at *V*~s~ = −10 mV, *I*~t~ = 350 pA). (**C**) Series of STS spectra taken across a lateral heterointerface between borophene and graphene along the red dashed line in the inset with a stabilization condition of *V*~s~ = −0.2 V, *I*~t~ = 100 pA. Inset: Stabilized at *V*~s~ = −10 mV, *I*~t~ = 350 pA. (**D**) Differential tunneling conductance map (logarithmic scale) of a borophene-graphene lateral heterointerface at *V*~s~ = 0.6 V (stabilized at *V*~s~ = −0.2 V, *I*~t~ = 40 pA). (**E**) Three series of STS spectra taken across three heterointerfaces along the white dashed lines in (D) (stabilized at *V*~s~ = −0.2 V, *I*~t~ = 40 pA).](aax6444-F3){#F3}

Graphene intercalation \[e.g., by Na ([@R29])\] has been widely explored, although transformations of intercalants into true 2D sheets are relatively rare ([@R30]). The small atomic radius of boron and weak interaction between graphene and Ag(111) suggest possible intercalation of graphene with boron. [Figure 4A](#F4){ref-type="fig"} provides evidence not only for boron intercalation but also for the formation of borophene-graphene vertical heterostructures, particularly a triangular domain surrounded by graphene. The honeycomb lattice observed on this triangular domain confirms the presence of graphene. However, it exhibits a lower LDOS at −50 meV compared to the surrounding graphene ([Fig. 4B](#F4){ref-type="fig"}). Compared to graphene directly on Ag(111), the lack of a high LDOS feature in the d*I*/d*V* spectrum ([Fig. 4C](#F4){ref-type="fig"}, blue curve) corresponding to the Ag(111) surface state is the first piece of evidence suggesting boron intercalation since electronic decoupling of graphene from metal substrates is typically observed after intercalation ([@R19]). Second, as expected for partial intercalation, the graphene lattice remains continuous across the lateral interface between graphene and the triangular domain ([Fig. 4D](#F4){ref-type="fig"}, which is a zoomed-in image of the red dashed rectangle in [Fig. 4A](#F4){ref-type="fig"}). The CH image of the triangular domain with a CO-functionalized tip ([Fig. 4E](#F4){ref-type="fig"}, which is a zoomed-in image of the yellow dashed rectangle in [Fig. 4A](#F4){ref-type="fig"}) also reveals substitutional boron dopants ([Fig. 2D](#F2){ref-type="fig"}). Third, bare metal tips electronically reveal 1D subsurface linear features with a periodicity of 5 Å in the intercalated graphene domains ([Fig. 4F](#F4){ref-type="fig"} and fig. S13), where the graphene lattice is more clearly resolved in the \|dln*I*/d*z*\| map of the same area ([Fig. 4G](#F4){ref-type="fig"}). These 1D structures resemble the boron rows in the *v*~1/6~ borophene model that are separated by 5 Å (fig. S14). In addition to the set of points corresponding to graphene, the Fourier transform of [Fig. 4G](#F4){ref-type="fig"} displays a pair of orthogonal points corresponding to a 3 Å × 5 Å rectangular lattice ([Fig. 4H](#F4){ref-type="fig"}), which agrees well with the *v*~1/6~ borophene model. Last, the observed threefold lattice orientation of the linear features ([Fig. 1E](#F1){ref-type="fig"} and fig. S14) corresponds well with the same prevailing structure observed for *v*~1/6~ borophene sheets (fig. S14). All of these observations strongly indicate the intercalation of graphene by *v*~1/6~ borophene close to Ag step edges (fig. S15), and thus the formation of borophene-graphene vertical heterostructures, which can be preferentially realized by increasing the initial graphene coverage (fig. S15). On the basis of [Fig. 4H](#F4){ref-type="fig"}, this vertical heterostructure is schematically shown in [Fig. 4I](#F4){ref-type="fig"}, where the boron row direction (pink arrow) is closely aligned with the AC direction of graphene (black arrow), thus forming a rotationally commensurate vertical heterostructure. The ability of borophene to form lateral and vertical heterostructures with graphene suggests a prototypical and generalizable experimental strategy for fabricating synthetic 2D heterostructures with potential utility for nanoelectronic and related technologies.

![Borophene-graphene vertical heterostructures.\
(**A**) STM topography image of a triangular borophene-intercalated graphene domain (*V*~s~ = 35 mV, *I*~t~ = 250 pA) with a CO-functionalized tip in CC mode and (**B**) differential tunneling conductance map of the same region (*V*~s~ = −50 mV, *I*~t~ = 200 pA). (**C**) Point STS spectra of graphene and borophene-intercalated graphene (stabilized at *V*~s~ = −0.1 V, *I*~t~ = 100 pA). (**D**) Zoomed-in STM image of the graphene-graphene/borophene interface (red arrowheads) indicated by the red dashed rectangle in (A) (*V*~s~ = 35 mV, *I*~t~ = 250 pA). (**E**) Zoomed-in STM image of borophene-intercalated graphene domain indicated by the yellow dashed rectangle in (A) with a CO-functionalized tip in CH mode (stabilized at *V*~s~ = 30 mV, *I*~t~ = 500 pA). (**F**) STM topography image and (**G**) simultaneously acquired \|dln*I*/d*z*\| image of borophene-intercalated graphene with a bare metal tip (*V*~s~ = −8 mV, *I*~t~ = 500 pA). A linear structure with 5 Å periodicity is marked in (F). The graphene lattice is marked in (G). (**H**) Fourier transform of the image in (G), showing an orthogonal pair of points corresponding to a rectangular lattice (3 Å × 5 Å). (**I**) Schematic representation of the rotationally commensurate borophene-graphene vertical heterostructure, where the boron row direction and the graphene AC direction are aligned as indicated by the pink and gray arrows, respectively.](aax6444-F4){#F4}

MATERIALS AND METHODS
=====================

Graphene and borophene growth
-----------------------------

The growth of graphene and borophene was performed in an UHV preparation chamber with a base pressure of 1 × 10^−10^ mbar. The Ag(111) single-crystal substrate was cleaned by repeated cycles of Ar^+^ sputtering (1 × 10^−5^ mbar, 800 eV energy, 30 min) and thermal annealing (550°C, 45 min) until an atomically clean and flat Ag(111) surface was obtained. Graphene growth was achieved by electron-beam evaporation (FOCUS EFM3) of a pure graphite rod (diameter, 2.0 mm; purity, 99.997%; Sigma-Aldrich/Goodfellow) onto the heated Ag(111) substrate (\~750°C) with a filament current of \~1.6 A and an accelerating voltage of \~2 kV, yielding an emission current of \~70 mA and a carbon flux of \~40 nA. The chamber pressure during graphene growth was \~1 × 10^−9^ mbar. Subsequently, borophene growth was achieved by electron-beam evaporation (FOCUS EFM3) of a pure boron rod (diameter, 3 to 5 mm; purity, 99.9999%; ESPI Metals) onto heated submonolayer graphene on Ag(111) (400° to 500°C) with a filament current of \~1.5 A and an accelerating voltage of 1.75 kV, yielding an emission current of \~34 mA and a boron flux of \~10 nA. The chamber pressure during borophene growth was \~2 × 10^−10^ mbar. The flux during the deposition of carbon and boron was measured with built-in flux monitors, which are pairs of biased parallel plates measuring the ion current at the end of the apertures of the evaporators, where the carbon/boron flux exits and travels to the sample surfaces. To get both lateral and vertical heterostructures, submonolayer graphene coverage of \~50% is preferred and typically used. Higher initial graphene coverage (e.g., \~80%; fig. S15) leaves less uncovered Ag(111) surface for direct borophene growth and thus facilitates the formation of vertical heterostructures and suppresses the growth of lateral heterostructures.

Scanning tunneling microscopy and spectroscopy
----------------------------------------------

UHV STM/STS was performed on a commercial system (Scienta Omicron LT) at \~4 K using electrochemically etched PtIr tips. To functionalize STM tips with CO molecules, the STM chamber was back-filled with pure CO to 1 × 10^−5^ mbar for 40 s, with the STM shrouds open to allow direct adsorption of CO onto the cold sample surface. Deliberate CO functionalization was achieved by placing the tip on top of an adsorbed CO molecule and ramping the sample bias to −2 mV and tunneling current to \~1 nA. Spontaneous CO functionalization also took place during scanning with low sample biases (\<50 mV). STS measurements were performed using a lock-in amplifier (Signal Recovery 7270) with an amplitude of 3 mV~RMS~ and a modulation frequency of 822 Hz. \|dln*I*/d*z*\| (where *I* is the tunneling current and *z* is the tip-sample separation) measurements were performed with a lock-in amplifier (SRS SR850), where an ac output (863 Hz) voltage was added to the *z* scanner piezo driving signal, causing a 0.3 Å root mean square (RMS) tip oscillation. SPECS Nanonis electronics and Gwyddion software were used for data acquisition and image processing.
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